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X - 2 PAGEL ET AL.: SUPRATHERMAL ELECTRON SCATTERINGAbstra
t. Suprathermal ele
trons in the solar wind have a strahl 
om-ponent with velo
ity distributions whi
h are narrow in pit
h-angle and aredire
ted along the ba
kground magneti
 �eld away from the Sun. Analysisof strahl distributions from 73.3 eV to 987 eV as measured during the year2004 by the SWEPAM plasma instrument on the ACE spa
e
raft are reportedhere. Although most previous observations show that the strahl pit
h-anglewidth de
reases with in
reasing energy, this manus
ript des
ribes 29 s
at-tering events observed at times of enhan
ed, relatively high-frequen
y mag-neti
 
u
tuations whi
h show that this width in
reases as strahl energy in-
reases. This manus
ript also develops the hypothesis that this 
hara
ter-isti
 is due to ele
tron s
attering by ba
kground whistler 
u
tuations.
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PAGEL ET AL.: SUPRATHERMAL ELECTRON SCATTERING X - 31. Introdu
tionSolar wind ele
trons near 1 AU are 
hara
terized by two distin
t populations, a thermal(� 10 eV), relatively dense 
ore (denoted by subs
ript 
) and a more tenuous suprather-mal (80 eV to more than 1 keV) 
omponent (subs
ript s). The original interpretationof the suprathermals was that they 
ould be represented as a single velo
ity distribu-tion [Feldman et al., 1975℄. Subsequent analyses [Rosenbauer et al., 1977; Feldman etal., 1978℄ showed that the suprathermals usually 
onsist of two distin
t 
omponents, arelatively isotropi
 halo and a highly anisotropi
, narrow magneti
-�eld-aligned "strahl"(For detailed bibliographies on suprathermal ele
tron observations, see Mars
h [1991℄ andPagel et al. [2005℄). The 
ows of these three 
omponents relative to the ions satisfy thezero 
urrent 
ondition but 
orrespond to a non-zero heat 
ux qe dire
ted away from theSun and parallel or antiparallel to the interplanetary magneti
 �eld Bo.The narrow strahl has been used to probe properties of the solar wind at distan
es re-mote from the observing spa
e
raft. Under the assumption that these suprathermals prop-agate relatively s
atter-free from their sour
e, Gosling et al. [2001, 2002, 2005℄ dedu
edlarge-s
ale properties of the interplanetary magneti
 �eld, and Gosling et al. [2003, 2004℄inferred properties of the 
oronal sour
e regions for suprathermal ele
tron bursts. Be
ausethe s
atter-free assumption is an important element in the logi
al pro
ess leading to the
on
lusions of these papers, it is important to 
riti
ally examine how suprathermal ele
-trons may be s
attered in the solar wind, and to attempt to understand the 
onditionsthat lead to su
h s
attering. This manus
ript addresses this question, des
ribing a study
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X - 4 PAGEL ET AL.: SUPRATHERMAL ELECTRON SCATTERINGof strahl observations from the ACE spa
e
raft whi
h show a likely signature of whistlers
attering.If interplanetary plasma were stri
tly 
ollisionless, 
onservation of the �rst adiabati
invariant would lead to a redu
tion of the perpendi
ular speeds of all 
harged parti
lesas the solar wind 
ows away from the Sun and Bo de
reases. This implies the globaldevelopment of T?=Tk < 1 ele
tron anisotropies where the dire
tional subs
ripts 
orre-spond to dire
tions relative to the average or ba
kground magneti
 �eld Bo [e.g., Phillipsand Gosling [1990℄℄. The narrow, anti-Sunward strahl is apparently a manifestation ofthis fo
using Ogilvie et al. [2000℄, and is a primary 
ontributor to the ele
tron heat 
ux[Feldman et al., 1975; S
ime et al., 1994℄.Parti
le-parti
le 
ollisions are most e�e
tive in dense, 
ool plasmas, and are usually
redited with keeping the 
ore relatively isotropi
 [Phillips and Gosling, 1990℄, althoughat times the 
ore may also exhibit a strong T?=Tk < 1 [Phillips et al., 1989℄. Salem etal. [2003℄ studied the role of Coulomb 
ollisions on solar wind ele
trons at 1 AU and
on
luded that su
h 
ollisions help 
onstrain both the ele
tron temperature anisotropyand the ele
tron heat 
ux, espe
ially in plasmas with relatively short ele
tron mean freepaths. The mean free paths of relatively hot parti
les in
rease as the square of theenergy, so that parti
le-parti
le 
ollisions are not very e�e
tive for suprathermal ele
trons,providing a plausible explanation for observations of strahl widths whi
h de
rease within
reasing energy [e.g., Feldman et al. [1978℄, Pillip et al. [1987a℄℄. Pillip et al. [1987b℄
on
lude that Coulomb 
ollisions 
annot be the me
hanism whi
h leads to the nearlyisotropi
 suprathermal distributions observed at solar wind se
tor boundaries by the Heliosspa
e
raft, and unspe
i�ed pit
h-angle s
attering me
hanisms are often invoked to explain
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PAGEL ET AL.: SUPRATHERMAL ELECTRON SCATTERING X - 5the relative isotropy of the halo (e.g. Gosling et al. [2001℄). The strahl is not as narrow asexospheri
 (i.e. 
ollisionless) models predi
t, but parti
le-parti
le s
attering apparently
annot des
ribe the observed widths of this 
omponent [Lemons and Feldman, 1983℄.Wave-parti
le intera
tions are an alternative me
hanism to s
atter suprathermals andspe
i�
ally to redu
e strahl anisotropies. There are at least two likely sour
es of su
hs
attering. Ele
trostati
 waves at k � B0 = 0, espe
ially enhan
ed 
u
tuations drivenby ele
tron/ele
tron instabilities, 
an slow the parallel velo
ities of suprathermals withouta�e
ting v?; in e�e
t, this leads to an in
rease in pit
h angles. A more dire
t sour
e of ele
-tron pit
h-angle s
attering is ele
tromagneti
 
u
tuations at propagation approximatelyparallel to Bo.At suÆ
iently small amplitudes, ele
tromagneti
 
u
tuations may be 
ategorized eitheras Alfv�en-
y
lotron waves, with left-hand polarization, !r < 
p, and kk
=!p < 1, ormagnetosoni
-whistler waves with right-hand polarization, !r < j
ej, and kk
=!e < 1 [e.g.,see Chapter 6 of Gary, [1993℄℄ (See the Appendix for de�nitions of symbols.). Cy
lotronwave-parti
le intera
tions are strongest when the parallel velo
ity, vk, of a jth spe
iesparti
le satis�es the 
y
lotron resonan
e 
onditionkkvk = !r � 
j : (1)For the modest �e values typi
al of the solar wind, all Alfv�en-
y
lotron 
u
tuations andlightly damped whistlers satisfy j!rj << j
ej, so that the ele
tron resonan
e 
ondition forboth 
ategories of 
u
tuations may be written as12mev2k = 12mpv2A( !ekk
)2 (2)
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X - 6 PAGEL ET AL.: SUPRATHERMAL ELECTRON SCATTERINGor, using typi
al solar wind values of ne = 5 
m�3 and Bo = 5 nT,12mev2k = (12:4eV ) !ekk
!2 (3)Thus, suprathermal ele
trons between 100 eV and 1 keV are on average resonant withwavenumbers 0.10 <� kk
=!e <� 0.35, 
orresponding to whistler 
u
tuations.Figure 1 illustrates the suprathermal ele
tron 
y
lotron resonan
e 
orresponding to rep-resentative solar wind parameters near 1 AU. Suprathermals with vk > 0 resonate withwhistler 
u
tuations at !r=kk < 0; the two 
y
lotron resonant speeds shown here 
orre-spond to kk
=!e = 0.20 and 0.40, whi
h approximately bound the domain of signi�
antsuprathermal damping. Vo
ks and Mann [2003℄ and Vo
ks et al. [2005℄ developed asolar wind ele
tron model to show that s
attering by whistler 
u
tuations 
ould lead tobroadened strahl similar to those observed from the WIND spa
e
raft.Although the isotropi
 
hara
ter of the halo 
learly indi
ates strong wave intera
tionswith suprathermal ele
trons, there is relatively little observational eviden
e linking thisproperty to spe
i�
 s
attering me
hanisms. Pillip et al. [1987b℄ observed that suprather-mal ele
tron distributions be
ome nearly isotropi
 at solar wind se
tor boundaries, but,after ex
luding Coulomb 
ollisions as the isotropization sour
e, 
ould not identify analternative me
hanism to produ
e this result. Two studies of "magneti
 holes" in the so-lar wind showed that suprathermal ele
tron velo
ity distributions be
ame quite isotropi
within these regions of substantially redu
ed jBoj. Chisham et al. [2000℄ observed noin
rease in the level of ele
tri
 �eld 
u
tuations at f > 100 Hz in the two magneti
 de-pressions they studied, whereas Zurbu
hen et al. [2001℄ noted a 
onsistent in
rease in thejÆBj2=B2o in many of their magneti
 holes. Crooker et al. [2003℄ 
arried out a statisti
alanalysis on more than six years of observations from the Wind spa
e
raft to show a strongD R A F T July 11, 2006, 5:19pm D R A F T



PAGEL ET AL.: SUPRATHERMAL ELECTRON SCATTERING X - 7inverse 
orrelation between the suprathermal ele
tron anisotropy and the plasma � in thesolar wind. This anti
orrelation led Crooker et al. [2003℄ to 
on
lude that the high-� solarwind is 
ondu
ive to ele
tron pit
h-angle s
attering. This result is suggestive of the �edependent ele
tron anisotropy 
onstraint imposed by the whistler anisotropy instability[Gary and Wang, 1996℄ whi
h has been observed in the magnetosheath Gary et al. [2005℄.Re
ently de Koning et al. [2006℄ analyzed pit
h-angle distributions of suprathermal solarele
tron bursts and found that 60% of these bursts had broader beams than the pre
ed-ing strahl. They 
on
luded that broadening of the pit
h-angle distributions during su
hbursts most likely results from wave-parti
le s
attering.Most observations to date have shown that the strahl be
omes more anisotropi
 [Feld-man et al., 1978; Pillip et al., 1987a; Ogilvie et al., 2000℄ or retains the same anisotropy[Hammond et al., 1996℄ as ele
tron energy in
reases. However, re
ent fast wind obser-vations of Pagel et al. [2005℄ show that the strahl be
omes broader in pit
h-angle within
reasing ele
tron energy. This manus
ript des
ribes our resear
h e�orts to 
hara
terizethis un
ommon property and to better understand the physi
al pro
esses whi
h 
ause it.Se
tion 2 des
ribes our ACE/SWEPAM measurement studies. Se
tion 3 develops ourhypothesis that s
attering by ba
kground whistler 
u
tuations is a sour
e of ele
tronstrahl pit
h-angle distributions whi
h be
ome broader in pit
h-angle as ele
tron energyin
reases. Se
tion 4 summarizes our results and 
on
lusions.2. ObservationsIn this se
tion, we use ACE/SWEPAM measurements to study ele
tron strahl observedin 29 s
attering events at times of enhan
ed, relatively high-frequen
y magneti
 
u
tua-tions.D R A F T July 11, 2006, 5:19pm D R A F T



X - 8 PAGEL ET AL.: SUPRATHERMAL ELECTRON SCATTERING2.1. DataWe use one minute resolution suprathermal ele
tron and plasma data from theSWEPAM instrument [M
Comas et al., 1998℄ and magneti
 �eld data from the MAGinstrument [Smith et al., 1998℄ on the ACE spa
e
raft. Quasilinear theory predi
ts thatparti
le s
attering rates are proportional to the square of the 
u
tuating �eld ampli-tudes, so we look for events with high jÆBj=Bo where we might see su
h s
attering in thesuprathermal ele
trons.To 
hara
terize the level of magneti
 
u
tuations, we use ÆBrms as 
al
ulated by Smithet al. [2001℄. This quantity is 
al
ulated from MAG instrument data as the RMS ve
tor
u
tuation 
omputed every 16 s using 3 ve
tor/s measurements. Given that the a typi
alproton 
y
lotron frequen
y in the solar wind near 1 AU is about 0.1 Hz [Leamon et al.,1998℄, the 3 Hz sampling of ÆBrms implies that this parameter represents the low-frequen
ywhistler regime. The jÆBj=Bo is higher when Bo is low or when ba
kground 
u
tuationsare high (or both). These 
onditions are more likely to be met in the quieter fast ambientsolar wind, and are 
onsistent with the studies of Chisham et al. [2000℄, Zurbu
hen et al.[2001℄ and Pagel et al. [2005℄. The ACE spa
e
raft was laun
hed in 1998, during the risingphase of the solar 
y
le, so to maximise the amount of ambient fast wind we use datafrom 2004 in this study. Before detailing the results of our survey we need to introdu
eone of the key ele
tron parameters we use to sele
t events and to analyse them.2.2. Ele
tron ParametersThis subse
tion des
ribes our paramerization of strahl stru
ture in su
h a way as toquantify its response to s
attering. A traditional method for des
ribing the width of thestrahl distribution is to 
al
ulate either a full or half width at half maximum (HWHM)D R A F T July 11, 2006, 5:19pm D R A F T



PAGEL ET AL.: SUPRATHERMAL ELECTRON SCATTERING X - 9of the pit
h angle distributions [Hammond et al., 1996; Ogilvie et al., 1999, 2000; deKoning et al., 2006℄. This is a measure of the angular width of the strahl. However, themethod of obtaining the HWHM by �tting a Gaussian to the pit
h angle distributiontypi
ally introdu
es un
ertainty in the �nal value. Certainly, when there is some 
ounter-streaming or a near-isotropi
 pit
h angle distribution, �tting a Gaussian is problemati
and the resulting HWHM values 
an be unreliable. While Hammond et al. [1996℄ andOgilvie et al. [1999℄ 
ir
umvent these problems by only 
onsidering strahls where there isa 
lear narrow beam, more 
omplete studies of suprathermal ele
tron s
attering shouldinvolve both broader strahls and even isotropi
 pit
h angle distributions. Thus we suggestthat a more robust parameterisation of the ele
tron pit
h angle distributions is needed.Pagel et al. [2005℄ used a log varian
e measure of the pit
h angle distributions, basedon normalised pit
h angle 
uxes. This parameter is simplisti
 but reasonably robust,parti
ularly when trying to parameterise a pit
h angle distribution with relatively fewpit
h angle bins. We here introdu
e a di�erent, and we believe better, parameter: theabsolute value of the skew of the pit
h angle distribution between 0o and 180o. The skewof the pit
h angle distribution is dimensionless and de�ned as the third moment of adistribution normalised by its standard deviation:Skew = (Pi(xi � x)3)=N�3 (4)where xi are the 
ux 
ounts in ea
h pit
h angle bin i and � is their standard deviation. Theskew is a measure of a distribution's asymmetry. Its sign indi
ates whether a distributionis skewed to the left (negative) or to the right (positive) of the mean. Sin
e pit
h angledistributions 
an be skewed in either dire
tion depending on the dire
tion of the magneti
�eld and we 
are only about the amount of asymmetry, we use simply the absolute valueD R A F T July 11, 2006, 5:19pm D R A F T



X - 10 PAGEL ET AL.: SUPRATHERMAL ELECTRON SCATTERINGof the skew in this study. A skew of zero 
orresponds to a totally symmetri
 distribution;in the 
ase of a pit
h angle distribution between 0o and 180o this would 
orrespond, forexample, to a fully isotropi
 distribution or to two identi
al 
ounterstreaming ele
tronbeams. A narrow, unidire
tional strahl gives a relatively high value for the skew (� 3).If an instrument provides only a few pit
h angle bins, skewness 
an be a noisy measurebe
ause of the in
uen
e of extreme points on its value. Also, if there are signi�
ant
ounter-streaming ele
tron beams (or 90o pit
h angle depletions [Gosling et al., 2001℄)the skew is not a useful measure of strahl width. However, given a suÆ
ient number ofpit
h angle bins and little or no 
ounter-streaming, the skew has several advantages overHWHM measures: it is very qui
k to 
al
ulate, does not rely on any �tting pro
ess anddoes not lose its reliability as pit
h angle distributions approa
h isotropy. High skewsand low HWHM values both 
orrespond to narrow strahls, so these two parameters areanti
orrelated. Thus, we use inverse skewness as a proxy for strahl width.An example of how both skew and HWHM parameterise the strahl is given in Figure 2.The top panel shows the 
olour-
oded pit
h angle distribution for E = 272 eV, where theyellow-red band parallel to the magneti
 �eld signi�es the strahl. The 
olour representsthe log of the 
ux 
ounts in ea
h pit
h angle bin. It is 
lear from panel (a) that thestrahl width is variable and it is some of this variation that we are attempting to explainin this manus
ript. Panels (b) and (
) give the 
orresponding skew and HWHM of thepit
h angle distributions respe
tively. They are anti-
orrelated, as expe
ted, sin
e broadstrahls 
orrespond to smaller skews and larger angular widths. Panels (d) and (e) givethe magneti
 �eld strength and jÆBj=Bo respe
tively. Comparison of panels (a), (b) and(e) show some 
orrelation between peaks in jÆBj=Bo and broadening of the strahl.
D R A F T July 11, 2006, 5:19pm D R A F T



PAGEL ET AL.: SUPRATHERMAL ELECTRON SCATTERING X - 11Figure 3 makes expli
it the relationship between skew and HWHM in a s
atter plot. Theblue 
ir
les represent the values of ea
h of these quantities from the same time period asFigure 2, while the red dots are from another day and a half in 2004 as a 
onsisten
y 
he
k.Both times are within unidire
tional suprathermal ele
tron periods. Given the ex
ellent
orrelation between them, we feel 
on�dent that skew 
an be used as an a

urate proxy forstrahl angular width. We shall use this parameter to investigate the property of ele
trons
attering in regions of high jÆBj=Bo.2.3. ResultsQuasilinear theories predi
t, and we expe
t, that magneti
 
u
tuations s
atter ele
tronsmore strongly when jÆBj=Bo is relatively large. Thus we �rst sele
t times in 2004 wherejÆBj=Bo > 0:15. To remove spikes and to ensure a suÆ
ient amount of data during anevent, we further require that jÆBj=Bo > 0:15 for at least ten minutes. We examine theremaining high jÆBj=Bo events by eye using ele
trons at 519 eV. If the strahl is disordered,if there is 
ounter-streaming or if there is no 
hange in the skew we reje
t the event. Ifthere is a 
lear drop in skew during the high jÆBj=Bo event, but no visible 
hange in thestrahl, we 
he
k the individual pit
h angle distributions through the event. If a broadeningof the distributions in pit
h angle is evident from these, the event is kept, otherwise itis reje
ted. We note that this pro
ess expli
itly allows for the fa
t that there is not aone-to-one 
orresponden
e between high jÆBj=Bo and pit
h angle s
attering. Figure 4shows an example event from our survey delineated with the red and blue lines. Althoughthe s
attering is not extreme, the strahl does broaden and the skew does drop during thisevent.
D R A F T July 11, 2006, 5:19pm D R A F T



X - 12 PAGEL ET AL.: SUPRATHERMAL ELECTRON SCATTERINGWe �nd a total of 29 events in 2004, ranging from 14 to 38 minutes in duration, witha mean of 23 minutes. In general, plasma parameters su
h as solar wind speed, densityand temperature are steady for these times. For ea
h of these events we examine strahl
hara
teristi
s with energy from 73 eV to 987 eV. Figure 5 shows an example eventfrom the survey. We average the pit
h angle distributions for ea
h energy over the event(whi
h lasted for 19 minutes), and then normalise the 
uxes for ea
h energy the valueat 158 degrees (in the non �eld aligned dire
tion). By plotting the resulting normaliseddistributions together we 
an qualitatively 
ompare their s
attering 
hara
teristi
s. It is
lear that as ele
tron energy in
reases, the pit
h angle distributions be
ome broader. Thisimplies that the strahl over this event is s
attered most at the highest energies, 
ounterto what is normally observed. To 
onsider the s
attering behaviour with energy for allour events, we use skew to quantify s
attering.Sin
e skew is inversely proportional to strahl width, the minimum value of the skew atea
h energy 
orresponds to the maximum strahl width at that energy during the event. Wewill use minimum skew for ea
h energy to investigate the energy dependen
e of s
attering.The same example event illustrated in Figure 5 is shown by the bla
k line in �gure 6,whi
h 
learly shows skew de
reasing with energy. The 
omposite behaviour of all 29s
attering events is given by the red line, whi
h shows the same trend. Given the inverserelationship between skew and HWHM, these results demonstrate that, for ea
h of theseevents of enhan
ed magneti
 
u
tuations, the strahl broadens with in
reasing energy.For ea
h data point during the 29 events (a total of 626 points), we 
al
ulate the energyat whi
h the strahl is most skewed (i.e. has the narrowest width). Figure 7 gives thedistribution of these energies for all data points in our events. Note that we have limited
D R A F T July 11, 2006, 5:19pm D R A F T



PAGEL ET AL.: SUPRATHERMAL ELECTRON SCATTERING X - 13our 
al
ulations to E >100eV to avoid any possible 
ontamination from the 
ore. As is
lear from the histogram, the lowest energies most often have the narrowest strahls whi
hfurther establishes the behaviour seen in �gure 6. Su
h an energy dependen
e of strahlwidth during periods of high magneti
 �eld 
u
tuations has not been reported before.To model wave-parti
le intera
tions, we need a fun
tional form for the strahl parallelenergy distribution fs(E). To obtain su
h a form we 
onsidered distributions at velo
itiesmost 
losely aligned with the magneti
 �eld, and 
arried out �ts to twelve di�erent samplesfrom our data set. Figure 8 shows a result representative of all these samples: the �t to anexponential in energy (i.e., a Maxwellian velo
ity distribution) is relatively poor, whereasthe �t to a power law in energy (dashed line) is relatively better but is still unsatisfa
tory.Suprathermal ele
trons in the solar wind are observed to display 
hara
teristi
s of bothpower-law [Maksimovi
 et al., 1997℄ and Maxwellian-like (Lin, [1998℄, Ogilvie et al. [2000℄)distributions. Thus we assume a produ
t of a power law and an exponential:
fs(E) = �E�
exp(��E) (5)Of 
ourse the three-parameter �t of Equation 5, provides a better �t than the two-parameter �ts of either a power law or an exponential alone. Nevertheless, Figure 8 showsthat the �t to Equation 5 is mu
h more satisfa
tory, suggesting that this equation shouldrepresent a good starting point for theoreti
al and 
omputational models for wave-parti
les
attering of the strahl.We note here that in the days surrounding our events the ambient solar wind strahl 
analso display su
h an energy dependen
e - that is the broadest strahls are at the highestenergies. A preliminary analysis of these strahls suggests that they exhibit higher levelsD R A F T July 11, 2006, 5:19pm D R A F T



X - 14 PAGEL ET AL.: SUPRATHERMAL ELECTRON SCATTERINGof 
u
tuations than those times when the strahl is narrower at higher energies. This is
onsistent with the idea that in regions of enhan
ed magneti
 �eld 
u
tuations, whistlerwaves 
an s
atter ele
trons. However, a mu
h broader, more detailed study needs to bedone to quantify the frequen
y of su
h 'anomalous' strahls in the solar wind and is beyondthe s
ope of this manus
ript.3. S
attering of Suprathermal Ele
trons: Possible Me
hanismsAs Figure 1 shows, the plasma 
u
tuations most likely to provide 
y
lotron resonants
attering of suprathermal ele
trons in the solar wind are in the whistler mode. Relativelysteady whistler-like 
u
tuations have been observed from many solar wind spa
e
raftin
luding Helios 1 and 2 [Beinroth and Neubauer [1981℄; Gurnett, [1991℄, and referen
estherein℄, Ulysses [Lengyel-Frey et al., 1996℄, and Cluster [Bale et al., 2005℄. Furthermore,bursty enhan
ed whistlers have also been measured in the interplanetary medium [Kennelet al., 1980; Coroniti et al., 1982; Lin et al., 1998℄.One possible sour
e of bursty whistler 
u
tuations in the solar wind is ele
tromagneti
instabilities. Gary et al. [1999a, b℄ used the theory of the whistler heat 
ux instability[Gary et al. [1975℄℄, based on a bi-Maxwellian halo and 
ore ele
tron model and driven bythe halo/
ore relative speed, to interpret ele
tron observations from the ACE spa
e
raft.However, S
ime et al. [2001℄ found no 
orrelation between the s
aled ele
tron heat 
uxand whistler-frequen
y 
u
tuations observed by Ulysses, 
on
luding that the whistler heat
ux instability does not play an important role in limiting the solar wind heat 
ux. This
on
lusion has been reinfor
ed by unpublished 
omputer simulations whi
h show that thewhistler heat 
ux instability saturates at very low amplitudes and does not yield a 
learsignature of ele
tron s
attering. As stated above, a more realisti
 model of suprathermalD R A F T July 11, 2006, 5:19pm D R A F T



PAGEL ET AL.: SUPRATHERMAL ELECTRON SCATTERING X - 15ele
trons is that they 
onsist of an isotropi
 halo plus a highly anisotropi
 strahl, withthe latter 
omponent 
arrying the heat 
ux. This model suggests that a �rehose typeinstability based on Tk >> T? might be a sour
e of suprathermal ele
tron s
attering, andmore spe
i�
ally of anisotropy redu
tion on the strahl [Paesold and Benz, 1999; Li andHabbal,, 2000;Messmer, 2002; Gary and Nishimura , 2003℄. However, �rehose instabilitiesbased on bi-Maxwellian velo
ity distributions require the �k of the anisotropi
 
omponentto be greater than unity, a 
ondition whi
h is rarely satis�ed by the tenuous strahl. Inthe absen
e of a 
lear me
hanism to provide unstable whistler 
u
tuations, we 
on
ludethat instabilities are not a likely sour
e of suprathermal ele
tron s
attering.A se
ond possible sour
e of suprathermal s
attering is the quasi-steady ba
kgroundwhistler 
u
tuations in the solar wind. Figure 9 is a 
artoon representing our interpreta-tion of typi
al solar wind magneti
 
u
tuation power spe
tra. At the longest wavelengths,jÆBj2=B2o is suÆ
iently large that nonlinear pro
esses dominate and the ensemble of 
u
-tuations must be des
ribed by theories of strong turbulen
e. As k in
reases, magneti
power spe
tra de
rease approximately as k�5=3, so that, at suÆ
iently short wavelengths,quasilinear and linear theories be
ome valid approximations for des
ribing the 
u
tuationsand we may speak of Alfv�en-
y
lotron and magnetosoni
-whistler modes as re
ognizableentities.Near kk
=!p � 1 there is a sudden onset of proton 
y
lotron damping of Alfv�en-
y
lotron
u
tuations [Gary, 1999℄, whi
h rapidly quen
hes the Alfv�eni
 part of the spe
trum, leav-ing magnetosoni
-whistler 
u
tuations to persist at still shorter wavelengths. Stawi
ki etal. [2001℄ proposed that the steeper power laws observed kk
=!p > 1 
orrespond not tostrongly damped Alfven-
y
lotron 
u
tuations, but to lightly damped, dispersive whistler
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u
tuations, and o�ered the appellation "dispersion range" for this wavenumber domain.Solar wind magneti
 power spe
tra in this frequen
y range often 
orrespond to � k�3:5(Beinroth and Neubauer [1981℄, Lengyel-Frey et al. [1996℄), although other observationssuggest even steeper power law spe
tra (Lin, [1998℄, Leamon et al. [1998℄). At still shorterwavelengths, the onset of ele
tron 
y
lotron damping should terminate the dispersionrange; near �e � 1 the transition to the ele
tron dissipation range takes pla
e at kk
=!e '1 Stawi
ki et al. [2001℄.The Alfv�en-
y
lotron 
ondition kk
=!p < 1 predi
ts, via Equation 1, that near 1 AUsu
h 
u
tuations resonantly s
atter only those ele
trons with parallel kineti
 energiesgreater than about 20 keV. This predi
tion may well be the explanation for the obser-vations of Lin et al. [1981℄ whi
h show signi�
ant broadening of fast ele
tron pit
h-angledistributions at ele
tron energies greater than about 20 keV [See also the dis
ussion in deKoning et al. [2006℄℄. Similarly, the magneti
 
u
tuations reported by Zurbu
hen et al.[2001℄(see above) 
orrespond to k
=!p < 1; by Equation 1 su
h 
u
tuations may s
atterele
trons at greater than 20 keV, but are not likely to strongly a�e
t the 272 eV ele
-trons presented in that paper. Inasmu
h as the Alfv�en speed vA in
reases as distan
e tothe Sun de
reases, suprathermal ele
trons are not likely to be strongly s
attered by su
h
u
tuations anywhere in the solar wind between the Sun and the Earth.In 
ontrast, the whistler 
ondition !p=
 < kk < 
=!e indi
ates that both thermal andsuprathermal ele
trons may be s
attered by su
h 
u
tuations near the Earth, and thateven as vA in
reases toward the Sun, suprathermal ele
trons may remain in 
y
lotronresonan
e with su
h waves. Magneti
 power spe
tra usually in
rease with de
reasingwavenumber in the solar wind (Figure 9), 
orresponding to 
y
lotron resonan
e with
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trons (Figure 1). Thus the in
reased suprathermal ele
tron s
attering observedat in
reasing energies is likely due to enhan
ed s
attering by ba
kground whistler 
u
tu-ations. [Vo
ks and Mann , 2003; Vo
ks et al. , 2005℄ have demonstrated that ba
kgroundwhistlers 
an indeed pit
h-angle s
atter the suprathermals; the obvious next step is to usemodels or simulations to address the energy dependen
e of that s
attering.4. Con
lusionsWe have used ACE/SWEPAM observations during the year 2004 to study 29 suprather-mal ele
tron s
attering events in the solar wind 
orresponding to enhan
ed, relativelyhigh-frequen
y magneti
 
u
tuations. Our study of the velo
ity distributions observedduring these events in the energy range from 102 eV to 987 eV showed that the pit
h-angle width of the strahl ele
tron 
omponent uniformly in
reased as the ele
tron energyin
reased. We also examined the strahl parallel energy distributions in this energy rangeand found that a produ
t of power law and exponential fa
tors in energy yielded better�ts than either fa
tor alone.Our experimental results are 
onsistent with the hypothesis developed in Se
tion 3 thatthis 
hara
teristi
 pit
h-angle broadening is due to suprathermal ele
tron s
attering byba
kground whistler 
u
tuations. Further studies will be ne
essary to test this hypoth-esis. On the theoreti
al side, parti
le-in-
ell simulations would be the optimal te
hniqueto examine the details of su
h wave-parti
le intera
tions. Further observational stud-ies should examine the statisti
al relationship between enhan
ed magneti
 power spe
train the whistler range and strahl distributions whi
h exhibit this unusual property. Wenote that measurements of magneti
 power spe
tra spanning the full range of whistlerfrequen
ies are not available from the ACE spa
e
raft.D R A F T July 11, 2006, 5:19pm D R A F T
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ripts k and ? to denote dire
tions relative to the ba
kground magneti
�eld Bo. The spe
ies subs
ripts are p for protons, and e for ele
trons. For the jthspe
ies we de�ne �kj � 8�njkBTkj=B2o ; ~�kj � 8�nekBTkj=B2o = (ne=nj)�kj; the plasmafrequen
y based on the total ele
tron density, !j � q4�nee2j=mj; the 
y
lotron frequen
y,
j � ejBo=mj
; the thermal speed, vj � qkBTkj=mj; and the average 
ow velo
ity voj.We de�ne the Alfv�en speed as vA � Bo=p4�nemp. The 
omplex frequen
y is ! = !r+ i
,the Landau resonan
e fa
tor of the jth spe
ies is �j � !=p2jkkjvj, and the 
y
lotronresonan
e fa
tors of the jth spe
ies are ��j � (! � 
j)=p2jkkjvj.A
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Figure 1. A 
artoon illustrating the relationship among the redu
ed ele
tron velo
itydistribution and two properties of left traveling whistler 
u
tuations at kk
=!e = 0:20and 0:40. The downward pointing arrows indi
ate the phase speeds (!r=kk), whereas theupward pointing arrows denote the ele
tron 
y
lotron resonan
e speeds (!r + j
ej)=kk.
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Figure 2. ACE/SWEPAM observations. Half a day of solar wind ele
tron data. (a)ele
tron pit
h angle distributions at E=272eV. Colour represents log 
ux per pit
h anglebin. (b) the skew of the pit
h angle distribution. (
) Half width half maximum (HWHM)of the pit
h-angle distributions �tted using a Gaussian over 90 degrees. (d) magneti
 �eldstrength and (e) RMS 
u
tuations jÆBj=Bo.
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Figure 8. ACE/SWEPAM observations. The dots represent measurements of thestrahl distribution at DOY 65.710. The dotted line represents an exponential �t to theobservations using Equation (5) with 
 = 0; the dashed line represents a power-law �t tothe observations using Equation (5) with � = 0; and the solid line represents a full �t toEquation (5) with �tting parameters ln(�) = -21.2, 
 = 1.29, and � = 0.00163.

Figure 9. A 
artoon illustrating a representative solar wind magneti
 
u
tuation powerspe
trum as a fun
tion of wavenumber
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